The variability in width, height, and spatial orientation of a spinal pedicle makes pedicle screw insertion a delicate operation. The aim of the current paper is to describe a computer-assisted surgical navigation system based on fluoroscopic X-ray image calibration and three-dimensional optical localizers in order to reduce radiation exposure while increasing accuracy and reliability of the surgical procedure for pedicle screw insertion. Instrumentation using transpedicular screw fixation was performed: in a first group, a conventional surgical procedure was carried out with 26 patients (138 screws); in a second group, a navigated surgical procedure (virtual fluoroscopy) was performed with 26 patients (140 screws). Evaluation of screw placement in every case was done by using plain X-rays and post-operative computer tomography scan. A 5 per cent cortex penetration (7 of 140 pedicle screws) occurred for the computer-assisted group. A 13 per cent penetration (18 of 138 pedicle screws) occurred for the non computer-assisted group. The radiation running time for each vertebra level (two screws) reached 3.5 s on average in the computer-assisted group and 11.5 s on average in the non computer-assisted group. The operative time for two screws on the same vertebra level reaches 10 min on average in the non computer-assisted group and 11.9 min on average in the computer-assisted group. The fluoroscopy-based (two-dimensional) navigation system for pedicle screw insertion is a safe and reliable procedure for surgery in the lower thoracic and lumbar spine.
INTRODUCTION
of the screw. Radiographic monitoring is possible but difficult in practice. Previous studies of surgical procedures have shown a significant rate of incorrect Transpedicle screw insertion is commonly used for rigid segmental fixation for various spine disorders, placement (screws that extended less than 2 mm including fractures, scoliosis, spondylolisthesis, and beyond the pedicle cortical bone were considered as degenerative instabilities. The variability in width, misplaced) of pedicle screws ranging from 15 to 40 height, and spatial orientation of a spinal pedicle per cent [1-4]. makes pedicle screw insertion a delicate operation.
Mobile fluoroscopic devices are an integral part of With conventional procedure and with a posterior the standard equipment used in orthopaedic surgery approach of the spine, the surgeon uses his anatomical to provide real-time feedback of bone and surgical knowledge to define the entry point of the pedicle on tool positions. One of the disadvantages of this the back part of the vertebra. Pilot holes are prepared technique includes the need for continuous radiation and screws are inserted into the pedicle without any exposure for real-time visual control. Using standard direct visual control. A slight error in direction may fluoroscopy, patient and surgical teams are all at risk result in a significant error in the position of the tip of high radiation exposure during the operation [5-7]. Initial reports claimed that the fluoroscopy-based navigation technique could potentially eliminate these system based on fluoroscopic X-ray image calibration the image intensifier and contains radio-opaque elements arranged on two parallel plates. Radio-and three-dimensional (3D) optical localizers in order to reduce radiation exposure while increasing opaque elements that are included in the lower plate are used to correct the image distortions and accuracy and reliability of the surgical procedure for pedicle screw insertion.
those in the upper one to determine the X-rays source position ( Fig. 3) . To determine the X-ray source position, passive markers are fixed on the calibration device and the 3D optical tracking system is used to 2 MATERIAL AND METHODS localize the fluoroscopic imaging device (Fig. 1 ). The correction of original images can be effected thanks 2.1 System overview to the radio-opaque elements of the lower plate A 3D optical localizer (Polaris system, Northern projected on to the images (Fig. 3) . Digital, Ontario, Canada) is used to track the position of surgical tools, patient reference, and C-arm image 2.2 Surgical technique intensifier (OEC Medical system, Courtabeuf, France) within the region of the operating table (Fig. 1 ). Each
The patient is settled in a prone position and the surgeon performs a posterior approach. The first step component is equipped with passive markers that give the position of patient reference frame, C-arm is to attach the reference frame to the patient's bone of interest (in this case the spinous process of the image intensifier, and three distinct surgical tools (pointer, bradawl, and drill guide) ( Fig. 2) with the vertebra to be operated on) and aligns the optical localizer's cameras optimally. The reference frame help of the 3D optical localizer.
Fluoroscopic images are usually distorted. This is (Fig. 2) is a rigid body equipped with passive markers and rigidly attached to the vertebra to be operated attributable to three factors: the planarity of the image intensifier input screen, the insufficient rigidity of the on, to follow and compensate any motions caused by respiration or displacements. This gives in real C-arm and the surrounding magnetic field [10, 11]. To correct image intensifier distortions and calibrate time the position of the vertebra in the 'surgical space'. The second step is to acquire one X-ray view, images, a calibration grid (equipped with passive markers) is attached rigidly to the input screen of just to calibrate the C-arm. The third step is to acquire two single X-ray views from anterior-posterior (A-P) the image intensifier (Figs 1 and 3) . The aim of the calibration process is to learn the mapping between and lateral positions within the area that has to be operated on ( Fig. 4 ). Data are passed on to the image pixels and the 'physical' surgical space, so that the computer can generate a virtual projection workstation computer (Fluologics system, Praxim, France) ( Fig. 1 ). After calibration of the acquired of the surgeon's tool axis on to the calibrated X-ray views [12, 13] . The calibration device is fixed to X-rays by the computer, the fluoroscope is turned off and removed from the operating field. Finally, the calibrated views are displayed on the workstation screen. A computer-generated projection of the surgeon's surgical tool is also displayed in each view. This is equivalent to its representation under conventional constant fluoroscopic control. A real-time navigation in several views is possible simultaneously (Fig. 5 ).
Clinical study
In the first group (January-October 2004), a conventional surgical procedure was done with 26 consecutive adult patients who suffered thoracolumbar disorders (fractures: 22 cases; scoliosis: 1 case; degenerative instabilities: 2 cases; and spondylolithesis: 1 case). Instrumentation using transpedicular screw fixation was performed between T11 
Evaluation of screws
Evaluation of screw placement in every case was done by using plain X-rays and post-operative computer tomography (CT) scan, with the help of an independent examiner (radiologist). A vertebra's
Fig. 3
The calibration grid is fixed to the image pedicle is a thin anatomical structure (the diameter intensifier and contains radio-opaque elements lies between 5 to 7 mm on average). The selection arranged on two parallel plates. Radio-opaque elements included in one of the plates (picture) criteria between good and bad placement of the are used to correct the image distortions pedicle screw is the level of cortex penetration (Fig. 6 ). According to Fu et al. [14] cortex penetration of the screw measured on a CT scan above 1 mm is In the second group (November 2004-August 2005), considered as an incorrect placement. a navigated surgical procedure (virtual fluoroscopy) was done with 26 consecutive adult patients who suffered thoraco-lumbar disorders (fractures: 9 cases; scoliosis: 2 cases; degenerative instabilities: 8 cases;
3 RESULTS and spondylolithesis: 7 cases). Instrumentation using transpedicular screw fixation was performed between
Results are presented as follows: screw position, radiation dose, and surgical time. T8 to L5 (70 vertebra levels, 140 screws). The mean Fig. 4 Two single X-ray views from A-P and lateral positions are acquired within the area which has to be operated on (here a lumbar vertebra)
Screw position 3.2 Radiation dose
In the computer-assisted group (26 patients, T8 to L5, A percentage of cortex penetration of 5 per cent (7 of 140 pedicle screws) occurred for the computer-70 vertebra levels, 140 pedicle screws), the radiation running time for each vertebra level (two screws) assisted group (26 patients, T8 to L5, 70 vertebra levels, 140 pedicle screws), (Fig. 6 ). One screw reached 3.5 s on average (1.7-7.5 s, standard deviation: 1.4). In the non computer-assisted group (26 patients, penetrated the medial cortex (>2 mm) and in the six other cases the cortex penetration was slightly higher T11 to L5, 69 vertebra levels, 138 pedicle screws), the radiation running time for each vertebra level than 1 mm (three medial and three lateral cortex penetrations). A 13 per cent penetration (18 of 138 (two screws) reached 11.5 s on average (5.5-17.5 s, standard deviation: 3). pedicle screws) occurred for the non computerassisted group (26 patients, T11 to L5, 69 vertebra levels, 138 pedicle screws) with an average below or 3.3 Surgical time equal to 2 mm in four cases (two lateral, one medial, and one caudal penetration), and with an average
In the non computer-assisted group (26 patients, T11 to L5, 69 vertebra levels, 138 pedicle screws), the below or equal to 3 mm in 14 cases (four lateral, six medial, and four caudal penetration). In the operative time for two screws on the same vertebra level reached 10 min on average (5-24.5 min, standard two groups there were no neurologic complications related to screw position. deviation: 4.1). In the computer-assisted group (26 patients, T8 to L5, 70 vertebra levels, 140 pedicle cortical bone often leads to rigidity failure of the osteosynthesis, and it is obvious that perforation of screws), the operative time for two screws on the same vertebra level reached 11.9 min on average the medial, caudal, or cranial cortical bone often leads to neurologic disorders. These observations are all the (6.66-24.5 min, standard deviation: 4.1). more true as the anatomy of the pedicle axis follows the axis of deformation and the axis of rotation of vertebrae in scoliosis [15] . Literature reports results ranging from 15 to 40 per cent misplaced screws, for 4 DISCUSSION the conventional technique, varying by pathology and type of postoperative evaluation (CT or X-ray The current paper describes a computer-assisted surgical navigation system based on fluoroscopic only) [1-4]. Good accuracy of screw insertion was obtained X-ray image calibration and 3D optical localizer used for pedicle screw insertion in the thoraco-lumbar using a fluoroscopy-based navigation system, as compared to the results of conventional technique region. The purpose of the method described was to reduce the rate of misplaced pedicle screws while (Fig. 6 ). In the current study, 7 of 140 (5 per cent) pedicle screws were considered to be misplaced when reducing radiation doses and complications associated with misplaced screws -even if no neurologic using two-dimensional (2D) fluoroscopic navigation.
No cortical violation was found in the sagittal plane. complications related to screw position were reported here -which proved to be feasible as reported in this
The results were far better than those of the conventional procedure in the prevention of cortical study for the lumbar and thoracic regions.
Transpedicle screw insertion can cause three types violation in the sagittal plane. As compared to standard fluoroscopy, the fluoroscopy-based computer system of complication: neurologic, vascular, and mechanical. Neurologic and mechanical complications allows real-time navigation in several X-ray projections simultaneously, with the fluoroscope turned off and are mainly attributable to orientation errors. For instance, pedicle screw perforation of the lateral removed from the operating field. The results show [8] in spine surgery, the fluoroscopy-based computer system can reduce significantly radiation exposure of by the judgement of the surgeon (five experienced surgeons in this study). As reported by Fu et al. [14] , both patient and surgical staff. Some authors described the use of virtual fluoro-the use of a good fluoroscope system and a proper fluoroscopic technique will provide the necessary scopy for pedicle screw insertion. On seven patients undergoing lumbar fusion surgery, Quinones-Hinojosa clear surgical landmarks on the pre-acquired images.
The average time of pedicle screw insertion for one et al. [16] demonstrated that virtual fluoroscopy is a reliable method of verifying the use of anatomic vertebra level (two screws) was 12 min on average in the computer-assisted group, compared to the 10 min and/or radiographic landmarks for guidance during lumbar pedicle screw placement. In an experimental (on average) in the non computer-assisted group. It is well known that the computer-assisted procedure study Zheng et al. [17] , evaluated virtual fluoroscopybased planning and navigation system for minimally can be a little time consuming, as reported by Fu et al. [14] . The main reasons for time increasing invasive ventral spondylodesis of thoracolumbar fractures. Laboratory studies on phantom and on 27 are set-up, reference frame attachment, and data acquisition. The average radiation running time for plastic vertebrae demonstrated the high precision of the proposed navigation system. In these two papers, lumbar spine. Based on the results obtained to date, the present authors believe that it will be possible no information was given on surgical time and radiation dose. For Fu et al. [14] using a fluoroscopy-to extend this technique to spine procedures such as upper-level osteosynthesis (upper thoracic and based computer system, it is possible to achieve reliable and accurate pedicle screw insertion during cervical spine), spinal deformities, revision surgery, or to other surgical procedures. Cost, additional time, low thoracic and lumbar spinal surgery. On 66 screws evaluated, 61 (92.5 per cent) were considered to and radiation exposure reduction might very well be compensated by the significant outlier reduction in have been inserted accurately (12 patients with thoraco-lumbar and/or lumbar stabilization, T9 to L5). screw placement. The average time for data acquisition and screw insertion was noticeably higher (48 min for four screws) as compared to the results obtained in the REFERENCES present study (24 min for four screws), but the surgical duration included a learning stage. No information 1 Weinstein, J. N., Spratt, K. F., Spengler, D., Brick, C., was obtained on radiation dose. 
